INTRODUCTION
Fusobacterium nucleatum, a Gram-negative, anaerobic, oral commensal bacterium, is one of the most frequently encountered species in the human subgingival plaque microflora of both children and adults. In the progression from oral health to periodontitis, the proportion of F. nucleatum increases substantially, implicating this species as a contributor to the development of periodontal disease Moore & Moore, 1994; Papapanou et al., 1993; Socransky & Haffajee, 2002; Socransky et al., 1988) . To date, however, the mechanism of pathogenesis mediated by F. nucleatum remains unclear.
F. nucleatum produces an abundance of hydrogen sulfide (H 2 S) , which is toxic for a large variety of cells in periodontal regions (Calenic et al., 2010a, b; Fujimura et al., 2010; Ii et al., 2010; Imai et al., 2009; Irie et al., 2009; Murata et al., 2008; Ng & Tonzetich, 1984; Takeuchi et al., 2008; Yaegaki et al., 2008; Yoshida et al., 2002; Zhang et al., 2010) . In addition, the depth of the periodontal pocket is related to H 2 S concentration (Persson, 1992) . These lines of evidence support the hypothesis that H 2 S production may be associated with the aetiology of gingivitis and periodontitis (Horowitz & Folke, 1973; Ratcliff & Johnson, 1999; Rizzo, 1967) .
Multiple enzymes that vary markedly in terms of electrophoretic mobility are involved in H 2 S production in all five recognized subspecies of F. nucleatum (subsp. nucleatum, vincentii, polymorphum, fusiforme and animalis) Yoshida et al., 2010b) . To date, three enzymes associated with H 2 S production, the 47 kDa Fn0625, 37 kDa Fn1055 and 33 kDa Fn1220, have been identified in F. nucleatum subsp. nucleatum ATCC 25586 Yoshida et al., 2010a Yoshida et al., , 2011 . Interestingly, these enzymes produce H 2 S from L-cysteine via distinct mechanisms. Fn0625 catalyses a,b-elimination of L-cysteine to produce H 2 S, pyruvate and ammonia (equation 1); Fn1055 catalyses the b-elimination of L-cysteine to produce H 2 S and L-serine (equation 2); and Fn1220 catalyses a b-replacement reaction in which two molecules of L-cysteine A recently developed technique involving SDS-PAGE followed by in-gel renaturation and activity staining has enabled the molecular mass characterization of H 2 S-producing enzymes, which is something that was previously impossible to do by native PAGE and activity staining (Yoshida et al., 2010b) . In a previous analysis of H 2 S-producing enzymes using this method, an unknown enzyme with high H 2 Sproduction capacity was identified in crude enzyme extracts from F. nucleatum ATCC 25586; the predicted molecular mass of this unidentified enzyme was 130 kDa (Yoshida et al., 2011) . Furthermore, this enzyme activity was detected in crude enzyme extracts from all five recognized subspecies of F. nucleatum (Yoshida et al., 2010b ). In the current study, this enzyme was identified as an L-methionine c-lyase encoded by the fn1419 gene, a protein that had previously been reported to catalyse the a,c-elimination of L-methionine to produce methyl mercaptan, a-ketobutyrate and ammonia . The recombinant enzyme was purified and characterized. The effects of ectopic expression of fn1419 together with the expression of fn0625, fn1055 and fn1220 in F. nucleatum ATCC 25586 were also examined. A tentative estimation of the contribution of each enzyme to H 2 S production was calculated, to understand better the regulation of production of H 2 S from L-cysteine in F. nucleatum.
METHODS
Bacterial strains and culture conditions. Bacterial strains used in the study are listed in Table 1 . F. nucleatum ATCC 25586, Porphyromonas gingivalis W83 and Treponema denticola ATCC 35405 were grown anaerobically (10 % CO 2 , 10 % H 2 , 80 % N 2 ) at 37 uC in Columbia broth (Difco), sTSB liquid medium (Hasegawa et al., 2009) and TYGVS medium (Ohta et al., 1986) , respectively. Escherichia coli strains DH5a, BL21 and M15, which were used for DNA manipulation and protein purification, were grown aerobically in LB medium (Difco) supplemented with 100 mg ampicillin ml -1 at 37 uC.
Preparation of crude enzyme extracts. Crude enzyme extracts of F. nucleatum ATCC 25586 were prepared as described previously (Yoshida et al., 2010a) . Briefly, the micro-organism was grown to an OD 600 of about 0.8, harvested from a 45 ml culture and then washed with PBS three times. A 2.0 ml aliquot of the cell suspension was lysed by ultrasonication and then ultracentrifuged at 160 000 g for 1 h at 4 uC. The concentration of protein in the crude enzyme extract was determined by using a protein assay reagent (Bio-Rad) with BSA as a standard. An equal volume of 80 % (v/v) glycerol was added to each sample prior to storage at -20 uC.
Two-dimensional electrophoresis (2-DE). 2-DE was carried out as described previously (Fukamachi et al., 2005; Masuda et al., 2006) with minor modifications. Briefly, F. nucleatum grown to an OD 600 of about 0.8 (50 ml) was collected and the cells were washed with PBS three times, suspended in 500 ml distilled water, sonicated on ice and then ultracentrifuged for 1 h at 160 000 g at 4 uC. An aliquot (100 ml) of the supernatant was mixed with an equal volume of 26 lysis solution, which consisted of 8 % CHAPS (GE Healthcare), 80 mM Tris/HCl (pH 8.0), 2 mM EDTA and 4 % immobilized pH gradient Separation in the first dimension by IEF was performed with an Ettan IPGphor II system (GE Healthcare). After initiation of electrophoresis at 200 V for 1 min, the voltage was increased gradually to 3500 V for 1 h and then maintained at 3500 V for 10 h at 15 uC. After IEF, proteins were separated in the second dimension by SDS-PAGE at a constant voltage of 200 V at 4 uC.
Visualization of enzymic activities. H 2 S-producing enzymes were visualized by using an in-gel assay, as described previously (Yoshida et al., 2010b) . Polyacrylamide gels containing proteins were incubated at 37 uC in an activity-staining solution consisting of 100 mM triethanolamine-HCl (pH 7.6), 10 mM pyridoxal 59-phosphate (PLP), 0.5 mM bismuth trichloride, 10 mM EDTA and 5.0 mM Lcysteine , which resulted in the appearance of a brown band at the position of the enzyme. When necessary, the gels were subjected to a renaturation process prior to incubation with the activity-staining solution, as described previously (Yoshida et al., 2010b) . To shift the gel from non-catalytic to catalytic conditions, the enzymes were renatured slowly in a buffer containing the detergents Triton X-100 and Lubrol PX instead of SDS.
Protein analysis by MS. Protein bands were excised from the 2-DE gel and subjected to analysis by MALDI-TOF MS, as described previously (Masuda et al., 2006) . Briefly, after in-gel tryptic digestion, peptides were extracted, concentrated and then analysed using a 4800 MALDI TOF/TOF analyser (Applied Biosystems). The identities of the proteins were deduced from MS spectra according to the peptide mass fingerprinting methods in Mascot (http://www.matrixscience. com/). Proteins were identified according to the significance criteria of the search program (P,0.05).
Purification of recombinant proteins. The sequence of fn1419 was amplified by PCR from F. nucleatum ATCC 25586 and then subcloned into the expression vector pQE-30 (Qiagen) to generate an N-terminal hexahistidine (His 6 )-tagged recombinant enzyme. E. coli M15 host cells transformed with pQE-30 carrying fn1419 were diluted 1/1000 in LB broth (500 ml) and then cultured at 37 uC until the culture reached an OD 600 of 0.5-0.7. Protein expression was induced by the addition of IPTG to a final concentration of 0.3 mM and the cultures were incubated for an additional 2 h at 37 uC. Cells were harvested and sonicated in PBS, after which cell debris was removed by centrifugation for 1 h at 160 000 g at 4 uC. The supernatants were applied to a nickelaffinity column (HisTrap FF crude column; GE Healthcare) and the recombinant protein was eluted by using a linear imidazole gradient (20-500 mM) in 20 mM sodium phosphate buffer (pH 7.4) containing 500 mM NaCl. Fractions (1.0 ml) were collected at a flow rate of 1.0 ml min -1 at 4 uC. His 6 -Fn1419-containing fractions were desalted by using a PD-10 column (GE Healthcare) and then stored at -20 uC after the addition of an equal volume of 80 % glycerol. Protein concentrations were determined as described previously (Pace et al., 1995) . The purity of the samples was assessed by SDS-PAGE.
Recombinant enzymes encoded by fn0625, fn1055 and fn1220 from F. nucleatum ATCC 25586, megL (encoding an L-methionine c-lyase) from P. gingivalis W83 (MegL P. gingivalis ) and megL from T. denticola ATCC 35405 (MegL T. denticola ) were expressed by using the expression vector pGEX-6P-1 (GE Healthcare) and purified as described previously (Fukamachi et al., 2005; Yoshida et al., 2010a Yoshida et al., , 2011 Yoshimura et al., 2002) .
Gel-filtration chromatography. The molecular masses of purified recombinant Fn1419, MegL P. gingivalis and MegL T. denticola proteins were determined by gel-filtration chromatography using a HiLoad 16/ 60 Superdex 200 pg column (GE Healthcare) at a flow rate of 1.0 ml min -1 in PBS. A standard curve for the calculation of molecular masses was generated using molecular mass standards. Elution was monitored at 280 nm.
Enzyme assay. Enzymic activity of the purified proteins was assessed by using the method of Schmidt (1987) with some modifications. Briefly, the reaction mixture (100 ml) contained 40 mM potassium phosphate buffer (pH 7.6), 10 mM PLP, various concentrations of L-cysteine, and purified enzyme (0.8 mg for Fn1419, 4.65 mg for Fn0625, 0.6 mg for Fn1055, 0.1 mg for Fn1220, 0.7 mg for MegL P. gingivalis or 1.6 mg for MegL T. denticola ). Where indicated, SDS was added to the reaction mixture at a concentration of 0.5 or 2.0 %. Each reaction was incubated at 37 uC for 2 min and terminated by the addition of a terminating solution (20 ml), which was freshly prepared by mixing solution I (20 mM N9,N9-dimethyl-p-phenylenediamine dihydrochloride in 7.2 M HCl) with an equal volume of solution II (30 mM FeCl 3 in 1.2 M HCl). After incubation for 30 min at room temperature, the formation of methylene blue, which reflects the amount of H 2 S produced, was determined spectrophotometrically by monitoring A 670 . The results were converted into pyruvate concentrations by using a standard curve generated from reaction mixtures containing L-cysteine and bC-S lyase from Streptococcus anginosus (Ito et al., 2008) , which catalyses the production of equal amounts of pyruvate and H 2 S from L-cysteine (Yoshida et al., 2003) . Kinetic parameters were computed from the Lineweaver-Burk transformation of the Michaelis-Menten equation; k cat was calculated from V max and the molecular mass of the enzyme.
Real-time quantitative PCR analysis. Real-time quantitative PCR analysis was performed as described previously (Sasaki-Imamura et al., 2010) with minor modifications. An overnight culture of F. nucleatum ATCC 25586 was diluted (1/3) in fresh Columbia broth (45 ml) and then incubated to an OD 600 of about 0.8. Isolation of total RNA from the harvested cells was carried out using Isogen (NipponGene). Possible contaminating DNA was eliminated by digestion with RNase-free DNase (TaKaRa Bio). RNA (10 ng) was reverse-transcribed into singlestranded cDNA using PrimeScript reverse transcriptase and random hexamers (both from TaKaRa Bio), according to the manufacturer's instructions. Real-time quantitative PCR amplification, detection and analysis were performed using the Thermal Cycler Dice RealTime system (TaKaRa Bio). Each reaction mixture (25 ml) contained 16 Power SYBR Green PCR Master Mix (Applied Biosystems), 22.5 pmol each of forward and reverse primer and 2.5 ml cDNA. The reaction conditions were 95 uC for 10 min followed by 40 cycles of 95 uC for 15 s and 60 uC for 1 min. At the end of each run, a dissociation protocol (95 uC for 15 s, 60 uC for 30 s and 95 uC for 15 s) was performed to ensure that there were no non-specific PCR products. The primers used (see Table 2 ) were designed using Primer Express software (version 3.0; Applied Biosystems). To estimate the initial amount of template in each sample, serial real-time PCR was performed using purified genomic DNA from F. nucleatum ATCC 25586. For each gene, a standard curve was plotted using the log 10 of the initial quantity of template DNA against the threshold cycle (i.e. the cycle at which the fluorescence rose above the background level). In this way, differences in primer efficiency could be accommodated. The data were obtained from four independent experiments.
RESULTS
Detection of enzymes producing H 2 S from L-cysteine using 2-DE A slowly migrating protein present in crude extracts from F. nucleatum ATCC 25586 with a high capacity for H 2 S production from L-cysteine was observed by SDS-PAGE followed by renaturation and activity staining (Fig. 1d , lane 1). To identify this protein, crude enzyme extracts were separated by 2-DE and then visualized by Coomassie brilliant blue staining. Many of the proteins in the 2-DE gel were dispersed and unclear (data not shown). After electrophoresis, the gel was subjected to renaturation followed by activity staining (Fig. 2) , at which point several proteins with various horizontal migration distances were observed. Ten protein spots were excised from the gel and then analysed by MALDI-TOF MS following in-gel tryptic digestion ( Table 3) . Five of the spots (nos 1, 4, 5, 6 and 9) contained Fn1419, which was previously reported to function as an Lmethionine c-lyase ; two spots (nos 2 and 8) contained Fn1419 and Fn0495, annotated as an acetyl-CoA acetyltransferase; and one spot (no. 10) contained Fn1684, annotated as N-acetylneuraminate synthase. The proteins in the remaining two samples (nos 3 and 7) were not identified. Samples were mixed with loading buffer prior to gel application. Lanes: 1, crude extract from F. nucleatum ATCC 25586; 2, purified Fn1419 of F. nucleatum ATCC 25586; 3, purified Fn0625 of F. nucleatum ATCC 25586; 4, purified Fn1055 of F. nucleatum ATCC 25586; 5, purified Fn1220 of F. nucleatum ATCC 25586; 6, purified MegL P. gingivalis of P. gingivalis W83; 7, purified MegL T. denticola of T. denticola ATCC 35405. Five microlitres of each sample was applied to the gel; the positions of molecular mass markers are shown on the left. 
Purification and characterization of Fn1419
Unexpectedly, the most abundant H 2 S-producing protein in the excised gel samples was an L-methionine c-lyase (Fn1419) that catalyses c-elimination of L-methionine to form methyl mercaptan. This protein was selected for further characterization. Full-length fn1419 from F. nucleatum ATCC 25586 was amplified by PCR and fused in-frame to the His 6 -encoding region of pQE-30 for the expression and purification of N-terminally His-tagged recombinant Fn1419 (Fig. 1, lanes 2) .
The molecular mass of the denatured polypeptide as determined by SDS-PAGE was in good agreement with the predicted molecular mass of the protein (43.3 kDa). Gelfiltration chromatography showed that the native form of Fn1419 was eluted primarily as a single peak with a molecular mass of 154.1 kDa ( Supplementary Fig. S1 , available with the online version of this paper). These results indicated that Fn1419 forms tetramers in solution.
Purified Fn1419 migrated as three major bands with apparent molecular masses of approximately 150, 110 and 43 kDa when heat pre-treatment was omitted prior to SDS-PAGE (Fig. 1b, lane 2) . The more slowly migrating bands disappeared when the protein sample was pretreated at 100 u C for 5 min (Fig. 1a, lane 2) , which suggested that, in the absence of heat pre-treatment, Fn1419 was not dissociated completely into individual monomers in the presence of SDS. The production of H 2 S from L-cysteine was detected in all three major bands, and the enzymic activity of purified recombinant Fn1419 was similar to that of crude extracts of F. nucleatum ATCC 25586, with the exception of the fastest-migrating band (Fig. 1d, lanes 1 and 2) . These results indicated that Fn1419 is a slowly migrating protein present in crude enzyme extracts from F. nucleatum ATCC 25586 that exhibits high catalytic activity in producing H 2 S from L-cysteine.
The enzymic activity of Fn1419 was also investigated spectrophotometrically by measuring the formation of methylene blue in reaction mixtures, which is indicative of the breakdown of L-cysteine and the production of H 2 S, although L-methionine is the preferred substrate of the protein.
The kinetic values are summarized in Table 4 . Pyruvate formation, which is a by-product in the a,belimination of L-cysteine, was also confirmed (data not shown).
Properties of methionine c-lyases from P.
gingivalis and T. denticola
The enzymic properties of Fn1419 were compared with those of methionine c-lyases from two other oral periodontopathogenic bacteria, P. gingivalis W83 and T. denticola ATCC 35405, both of which are encoded by megL genes. Recombinant proteins were expressed and purified (Fig. 1a,  lanes 6 and 7) . The molecular masses of the denatured polypeptides were determined by SDS-PAGE and were in good agreement with the predicted molecular masses (43.3 kDa for MegL P. gingivalis and 43.5 kDa for MegL T. denticola ). The results of gel-filtration chromatography ( Supplementary Fig. S1 ) indicated that the molecular masses of the native forms of MegL P. gingivalis and MegL T. denticola were 81.4 and 167.5 kDa, respectively, which suggested that the former forms dimers in solution, whereas the latter forms tetramers (Supplementary Fig. S1 ).
The kinetic parameters of H 2 S production by the three recombinant enzymes were determined (Table 4 ). The K m Fig. 2 . Analysis of H 2 S-producing enzymes in crude enzyme extracts of F. nucleatum ATCC 25586 by 2-DE. Proteins were separated by 2-DE, renatured and then subjected to activity staining. Protein spots that were selected and excised are indicated in boxes and are numbered. The x-axis represents the pH range used for IEF (pH 4-7). for Fn1419 was lower than that of MegL P. gingivalis , but higher than that of MegL T. denticola . In contrast, k cat for Fn1419 was lower than that of both MegL P. gingivalis and MegL T. denticola , suggesting that, among the three enzymes tested, Fn1419 has the lowest activity in terms of H 2 S production from L-cysteine.
Effect of SDS on the activity and structure of H 2 S-producing enzymes
The detergent (SDS) and heat resistance of the recombinant methionine c-lyases (Fn1419, MegL P. gingivalis and MegL T. denticola ), as well as of three other H 2 S-producing recombinant enzymes from F. nucleatum ATCC 25586 (Fn0625, Fn1055 and Fn1220) (Fig. 1a , lanes 3, 4 and 5), were assessed by SDS-PAGE. The concentrations of SDS in the buffer for electrophoresis and sample loading were 0.1 and 2.0 %, respectively.
When the samples were boiled prior to electrophoresis, the majority of each protein sample dissociated into monomers (Fig. 1a) . Fn1419, Fn1220, MegL P. gingivalis and MegL T. denticola did not dissociate completely in the absence of heat treatment (Fig. 1b) . SDS-PAGE followed by activity staining, with no renaturation step, showed that the more slowly migrating species of Fn1419, MegL P. gingivalis and MegL T. denticola maintained catalytic activity, whereas the faster-migrating species did not (Fig.  1c) . In contrast, Fn0625, Fn1055 and Fn1220, whether heat pre-treated or not prior to SDS-PAGE, exhibited no detectable enzymic activity in the presence of SDS. Their activity was restored following in-gel renaturation (Fig.  1d) . These data suggested that the L-methionine c-lyases are not dissociated completely by exposure to SDS and that these enzymes maintain their quaternary structure and activity.
We also measured the relative enzymic activity of the H 2 Sproducing enzymes in the presence of SDS, by which the inhibitory effect of SDS on the enzymes in solutions was also evaluated (Fig. 3) . The enzymic activity of Fn1419 in the presence of 0.5 % SDS was approximately 15 % of that in the absence of SDS. A similar inhibitory effect of SDS was also observed for Fn0625, Fn1055 and Fn1220. The activity of all four of the enzymes was abolished in the presence of 2.0 % SDS.
Contribution of individual enzymes to H 2 S production in F. nucleatum ATCC 25586
The mRNA (expression) levels of the H 2 S-producing enzymes were determined by real-time quantitative PCR analysis of exponential-phase F. nucleatum ATCC 25586. As a control for contaminating chromosomal DNA, PCRs were carried out using templates prepared with and without reverse transcriptase. For each gene, the level of amplified product was 100-fold higher when reverse transcriptase was included in the cDNA synthesis reaction, which indicated that the amount of contaminating chromosomal DNA in the samples was negligible. As seen in Table 5 , the mRNA levels of fn1419, fn1055 and fn1220 were 1.8-, 1.3-and 3.4-fold higher, respectively, than that of fn0625 in exponential-phase F. nucleatum ATCC 25586.
To estimate the relative contribution of each enzyme to total H 2 S production from L-cysteine in F. nucleatum ATCC 25586, an index was calculated by multiplying gene transcription level by k cat for each enzyme (Table 5 ). Based Table 4 . Kinetic properties of L-methionine c-lyases from F. nucleatum, P. gingivalis and T. denticola for H 2 S production from L-cysteine Values are means±SD of three experiments. on this tentative determination, the contribution of Fn1419 to H 2 S production from L-cysteine in F. nucleatum ATCC 25586 was fairly low (1.9 %). In contrast, Fn1220 appeared to contribute significantly to H 2 S production (87.6 %).
DISCUSSION
Although the existence of multiple H 2 S-producing enzymes was recognized in F. nucleatum , enzymes other than Cdl (Fn1220) have not been reported until recently. A recently developed technique, involving SDS-PAGE followed by in-gel renaturation and activity staining, provided more precise insight into the enzymes associated with H 2 S production in terms of their number and molecular mass (Yoshida et al., 2010b) and therefore enabled the identification of several putative H 2 S-producing enzymes in F. nucleatum (Yoshida et al., 2010a (Yoshida et al., , 2011 , including Fn1419, which was characterized here for the first time as an H 2 S-producing enzyme.
Purified recombinant Fn1419 migrated as three bands on SDS-PAGE gels with apparent molecular masses of approximately 150, 110 and 43 kDa (Fig. 1b , lane 2, unboiled samples). As the native form of Fn1419 eluted predominantly as a single peak on gel-filtration chromatography ( Supplementary Fig. S1 ), the separation of Fn1419 into two higher-molecular-mass bands of 150 and 110 kDa might be an artefact of SDS-PAGE. Based on MALDI-TOF MS analysis of 2-DE-separated crude bacterial extracts, it seems reasonable that all three bands contained Fn1419. Renaturation of the 2-DE gels was carried out prior to activity staining and spot selection, in which case one would expect that many, if not all, previously reported H 2 S-producing enzymes would be represented. Nevertheless, MALDI-TOF MS identified most of the protein spots as Fn1419. Furthermore, Fn0625, Fn1055 and Fn1220 were not detected. One possibility is that the H 2 Sproducing activity of the enzymes was too weak to be detected under the conditions employed. Resolution of the proteins present in the crude bacterial extracts by 2-DE was rather poor, perhaps because neither heat treatment nor strong reagents such as urea were used. Varying the sample-preparation conditions may be necessary to define optimal conditions under which enzymic activity is maintained after 2-DE.
In-gel activity assays were carried out directly following electrophoresis in SDS-containing buffer, or after a renaturation step following electrophoresis. The in-gel renaturation method was developed to allow proteins that dissociated into monomers in the presence of strong detergents, such as SDS, to reform their quaternary structures (Yoshida et al., 2010b) . Of the three major migrating species of Fn1419 (Fig. 1b, lane 2) , the more slowly migrating species exhibited enzymic activity with or without renaturation; the fastest-migrating form had no detectable H 2 S-producing activity in the absence of renaturation (Fig. 1c) . These results suggest that the quaternary structure of Fn1419 is not removed completely by exposure to SDS, and that enzymic activity is maintained to a certain extent. Dissociated monomeric peptides exhibited no activity, indicating that a certain degree of quaternary structure is necessary for enzymic activity. Similarly, the L-methionine c-lyases from P. gingivalis and T. denticola (Fig. 1, lanes 6 and 7) were partially resistant to dissociation and inactivation by SDS, which suggests that this may be a common property of Lmethionine c-lyases. When SDS was added directly to reaction mixtures, the enzymic activity of F. nucleatum Fn1419, as well as that all of the other H 2 S-forming enzymes, was inhibited (Fig. 3) . These findings suggest that SDS dissociates readily from L-methionine c-lyase under detergent-free conditions.
Of the four H 2 S-producing enzymes in F. nucleatum ATCC 25586, Fn1419 had the highest K m , which suggests that Fn1419 has the lowest affinity for L-cysteine (Table 4 ) (Yoshida et al., 2011) . In terms of k cat , which reflects the capacity of the enzyme for producing H 2 S from L-cysteine, the F. nucleatum enzymes were ranked as follows: Fn1220 (17.1 s ). In contrast, Fn1419 appeared to have the highest activity in crude enzyme extracts from F. nucleatum (Fig. 1d, lane 1) based on SDS-PAGE and activity staining. As mentioned above, this discrepancy could reflect the fact that Fn1419 is not dissociated readily in the presence of SDS, and that Fn1419 quaternary structure and activity are not disrupted by exposure to SDS. Of note, disulfide bonds do not appear to be necessary for the formation of the Fn1419 quaternary structure, as L-methionine c-lyases with slower migration rates (Fig. 1b) were still detected in the presence of 2-mercaptoethanol.
Fn1419, an L-methionine c-lyase from F. nucleatum, catalyses the a,b-elimination of L-cysteine to produce H 2 S, pyruvate and ammonia (equation 1). In general, L-methionine c-lyase catalyses the b-elimination reaction of L-cysteine and Ssubstituted L-cysteines, as well as the c-elimination reaction of S-containing substrates, including L-methionine (Sato & Nozaki, 2009) . The L-cysteine-degradation activity of Lmethionine c-lyase from F. nucleatum subsp. polymorphum ATCC 10953 that produces H 2 S was lower than its Lmethionine-degradation activity that produces methyl mercaptan, suggesting that L-cysteine would not be a favourable substrate for the enzyme in its wide range of substrate specificity . In contrast, the capacity of L-methionine c-lyases from Entamoeba histolytica and Trichomonas vaginalis (Lockwood & Coombs, 1991) to degrade L-cysteine was higher than their capacity to degrade L-methionine. Identification of the amino acids that determine the substrate specificities of these enzymes will be of great interest. Furthermore, the relationship between the quaternary structures of L-methionine c-lyases (i.e. dimer and tetramer structures) and their substrate specificities remains an open question that will be addressed in future studies.
Based on a tentative calculation of the relative contribution of the different enzymes to H 2 S production from L-cysteine (Table 5) , Fn1419 does not appear to contribute significantly to H 2 S production from L-cysteine in F. nucleatum. In contrast, Fn1220 appears to play a major role in H 2 S production in this micro-organism. As the concentration of H 2 S produced from gingival fluid in deep periodontal pockets was approximately 1 mM (Persson, 1992) , the concentration of the substrate, L-cysteine, was estimated to be high compared with the K m values (0.09-0.32 mM) of the four F. nucleatum enzymes for H 2 S production (Yoshida et al., 2011) . Hence, the relative-contribution index (Table 5 ) appeared to be a reasonable measure of the contribution of the total activity by the different enzymes. It is worth noting, however, that H 2 S could be produced from substrates other than L-cysteine in F. nucleatum ATCC 25586. Indeed, Fn1419 catalyses the c-elimination of L-homocysteine to produce H 2 S . In addition, glutathione could be a possible substrate for H 2 S production (Carlsson et al., 1993) . Moreover, the expression levels of the different enzymes could vary depending on environmental and growth conditions. Thus, further studies are needed to gain a more comprehensive understanding of the mechanisms governing H 2 S production in F. nucleatum.
In conclusion, a fourth enzyme involved in the production of H 2 S from L-cysteine in F. nucleatum ATCC 25586 was identified as Fn1419. Based on SDS-PAGE and activity staining in the absence of renaturation, Fn1419 migrated with an apparent molecular mass of 43 kDa, and gelfiltration chromatography indicated that the protein exists as a tetramer in solution. The activity of Fn1419 in crude enzyme extracts was higher after renaturation than under non-renatured conditions. Molecular size and capacity to produce H 2 S from L-cysteine could appear greater for a protein that is not dissociated readily by exposure to SDS. Through the use of two distinct methods, a cosmid librarybased approach described previously (Yoshida et al., 2011) and a combined 2-DE/MALDI-TOF MS analysis in the current study, major enzymes involved in the production of H 2 S from L-cysteine in F. nucleatum have been identified. Further studies, including an analysis of substrates other than L-cysteine, will shed additional light on the mechanisms of production of H 2 S in F. nucleatum.
